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METHOD AND APPARATUS FOR TERRAIN 
REASONING WITH DISTRIBUTED 

EMBEDDED PROCESSING ELEMENTS 

PRIORITY CLAIM 

This application claims the bene?t of priority to provi 
sional applications No. 60/217,232, ?led in the United States 
on Jul. 10, 2000, and titled “Emergent Movement Control 
for Large Groups of Robots” and No. 60/217,226, ?led in the 
United States on Jul. 10, 2000, and titled “Terrain Reasoning 
With Distributed Embedded Processing Elements”. 

STATEMENT OF GOVERNMENT RIGHTS 

This invention is related to Work performed in contract 
With the US. Government under DARPA ITO Contract 
#N66001-99-C-8514, “Pheromone Robotics”, and the US. 
Government may have certain rights in this invention. 

TECHNICAL FIELD 

The present invention is related to the ?eld of computing 
properties of a physical environment. More speci?cally, this 
disclosure presents a method for computing properties of a 
physical environment using a plurality of agents forming a 
distributed netWork embedded Within the environment. 

BACKGROUND 

Over the past decades, approaches to path planning and 
terrain analysis have focused on single or parallel processor 
solutions operating on an internal map containing terrain 
features. Traditional terrain analysis came in one of tWo 
forms: 1) a single mobile agent (eg a robot), or a small 
number of agents, collecting terrain information on-the-?y 
and/or using a pre-constructed digital map to aid in path 
planning or other terrain-related decision making, and 2) 
simulated terrain-embedded entities (e.g. military vehicles 
in a simulated battle?eld or simulated opponents in a com 

puter game) referring to a terrain/environment database 
(Which is an integral part of such simulations) as a pre 
constructed map available for their geometric computations. 
Typical computations include determination of the shortest 
path to a destination, of high visibility locations in the 
terrain, and of routes concealed from knoWn opponent 
locations. In these traditional approaches to route planning 
and terrain reasoning, relevant data are taken from the real 
World to build a map readable by a machine. Terrain/ 
environmental reasoning based on local sensing provides 
very limited access to environmental information. The natu 
ral solution is to pre-construct a map of the environment, 
Which provides much more information and may be updated 
by information from a robot’s oWn sensors. Such maps are 
usually represented by an array of terrain features including 
traversability and blocked routes that can be translated into 
a corresponding array of mobility costs representative of the 
dif?culty and eXpense to move across a particular terrain 
path. The cost array can then be analyZed to obtain a neW 
map, Which indicates minimum cost paths betWeen desig 
nated points on the map. In this traditional approach, the 
separate and distinct steps of sensing environmental features 
of the area, transmitting data to a central point, and gener 
ating a map must be performed before any minimum cost 
path computations can take place. As a result, it is often 
dif?cult to determine up to date minimum cost paths in 
situations Where the environment is rapidly changing, or 
Where sensing and map generation cannot be performed on 
a timely basis. 
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2 
Current means of mapping a space include use of a feW 

poWerful mobile robots moving through an environment in 
a search pattern, sending raW or partially processed data 
back to a central computing resource. The central resource 
compiles a map and then operates on it. Dynamic changes to 
the environment are not picked up unless the robots repeat 
their search. Some communication netWorks perform com 
putations to determine loWest cost paths for communications 
purposes (e.g., to minimiZe transmission energy or delays 
due to signal retransmission). These approaches are con 
cerned speci?cally With communication issues, and they do 
not attempt to draW any correspondence betWeen commu 
nications ef?ciency and properties of the environment that 
might impact mobility. Relevant information to some of 
these approaches can be found in US. Pat. Nos. 5,561,790 
and 5,233,604. 

Thus, it Would be desirable to provide a means for 
determining optimal paths over or through an area of an 
environment by using a large number of small, inexpensive 
agents, requiring only local communications With neighbor 
ing agents. Signals Would be transmitted across paths 
through the plurality of agents in a series of hops in a manner 
that provides, at each agent, a local representation of the 
cumulative non-local properties along a path. The informa 
tion in the agents could be quickly updated by transmitting 
another signal along the path. 

SUMMARY OF THE PRESENT INVENTION 

The invention disclosed herein provides a method and 
apparatus for computing properties of a physical environ 
ment using a plurality of agents deployed Within the physical 
environment. Each agent deployed comprises, a communi 
cation capability, a processor coupled With the communica 
tion capability, and a memory connected With the processor. 
The plurality of agents makes use of physical properties of 
inter-agent communication in order to form a distributed 
representation of non-local properties of the physical envi 
ronment. The method of the present invention comprises the 
steps of of triggering at least one initiating agent; transmit 
ting a signal from the initiating agent to agents neighboring 
the initiating agent; processing the signal at each of the 
neighboring agents With a cost value based on local prop 
erties along the respective path betWeen the initiating agent 
and each neighboring agent; selecting, from the signals 
received, a neW signal to transmit; treating the neighboring 
agent as an initiating agent of the processed signal, and 
repeating the transmitting and processing steps; and at each 
agent, locally retaining at least one cumulative cost value 
representing information regarding non-local properties of 
the physical environment based on signals received. Thus, as 
a signal propagates. from an initiating agent to each agent 
among the plurality of agents, a cumulative cost value is 
stored at each agent in order to provide a measure of the 
quality of the best path from that agent to the initiating agent. 
The cost value may be represented as a simple hop count, 

iterated With each hop as the signal propagates across the 
plurality of agents from the initiating agent. The cumulative 
cost value is typically used to determine from the signals 
received, the neW signal to transmit. Additionally, cost 
values may be retained from past signals and compared With 
the cost value from the current signal in order to determine 
the cost value With Which to process the signal. The signals 
are typically passed along line of sight paths, Which provide 
a general representation of the traversability along a path. 
The agents may also be augmented by providing them 

With a means for storing the direction from Which a par 
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ticular signal Was received across a communication path, 
and the cost values for different paths betWeen tWo agents 
may be stored along With the corresponding direction to the 
path With the best cost. 

Additionally, the cost values may be time stamped as they 
are retained in the memory of the agents, With the most 
recently retained cost value being designated for use in 
processing the signal, and With the cost values being 
removed from memory after a predetermined time has 
elapsed. The cost values may also be ranked from best to 
Worst over time, With the best cost value used in processing 
the signal. In this case, When the time stamp of a cost value 
designated for use in processing the signal expires and the 
cost value is removed from memory, the next best cost value 
is designated for use in processing the signal. 

In another embodiment of the present invention, the 
agents may be con?gured to perform an alignment, Wherein 
tWo agents are selected from among the plurality of agents 
to act as reference agents; cost gradients comprising vector 
representations of an optimal cost path betWeen each agent 
among the plurality of agents and each reference agents are 
generated; the vectors are summed at each agent to create a 
motion vector for the agent; and the agents are moved along 
the motion vector in order to align the agents along a path 
betWeen the reference agents. The alignment step may be 
triggered upon the occurrence of a triggering event such, for 
example, the detection of an intruder. Once the agents have 
aligned along a path, they may be converged to a choke point 
by selecting a convergence agent and urging the other agents 
toWard the convergence agent, resulting in a local clustering 
of agents near the convergence agent. 

The agents may also incorporate sensors connected With 
their processors in order to provide additional information to 
the processor for the generation of the cost value. For 
example, a smoke detector could be used to factor the 
smokiness of an area into the cost value along a path. 

Agents designed for use With the present invention may 
incorporate the logic used in performance of the present 
invention in the form of softWare, or the logic may be 
encoded in hardWare. 

BRIEF DESCRIPTION OF THE DRAWINGS 

These and other features, aspects, and advantages of the 
present invention Will become better understood With regard 
to the folloWing description, appended claims, and accom 
panying draWings Where: 

FIG. 1 is an illustration of an example of a typical agent 
used in conjunction With the present invention; 

FIG. 2 is a How diagram depicting the steps in the method 
of the present invention, demonstrating a method for deter 
mining a best cost value path to at least one initiating agent; 

FIG. 3 is a How diagram depicting additional steps in the 
method that are utiliZed to align agents along a path betWeen 
tWo reference agents; 

FIG. 4(a) is an illustrative diagram depicting a conven 
tional map-based approach to terrain reasoning; 

FIG. 4(b) is an illustrative diagram depicting the terrain 
reasoning approach of the present invention in contrast With 
the conventional approach shoWn in FIG. 4(a); 

FIG. 5(a) is a topographical diagram depicting an agent 
sWarm diffusing into a building With several members 
?nding the target; 

FIG. 5(b) is an illustrative diagram depicting a message 
propagating as a gradient With its cost-value encoding the 
distance to the target; 
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4 
FIG. 5(c) is a diagram depicting agents signaling the 

direction to the target based on cost value messages, creating 
a directed path to the target; 

FIG. 6(a) is a diagram that depicts using tWo message 
types that alloW each agent to determine Which target is 
nearest; 

FIG. 6(b) is a diagram that depicts using one message type 
Wherein each agent indicates direction to the nearest target; 

FIG. 7 is an illustration depicting the use of path vectors 
to align agents along a path betWeen tWo reference agents; 

FIG. 8(a) is an illustration of the creation of a path 
betWeen tWo reference agents and the generation of motion 
vectors from path vectors in order to urge other agents to the 
path in order to prepare to converge the other agents to choke 
points along the path; 

FIG. 8(b) is an illustration of the path betWeen the 
reference agents once the agents have aligned along the 
path; and 

FIG. 8(c) is an illustration of the agents after they have 
converged to choke points along the path. 

DETAILED DESCRIPTION 

The present invention relates to the ?eld of computation 
of properties of a physical environment. The folloWing 
description is presented to enable one of ordinary skill in the 
art to make and use the invention and to incorporate it in the 
context of particular applications. Various modi?cations, as 
Well as a variety of uses in different applications Will be 
readily apparent to those skilled in the art, and the general 
principles de?ned herein may be applied to a Wide range of 
embodiments. Thus, the present invention is not intended to 
be limited to the embodiments presented, but is to be 
accorded the Widest scope consistent With the principles and 
novel features disclosed herein. 

In order to provide a Working frame of reference, ?rst a 
glossary of terms used in the description and claims is given 
as a central resource for the reader. Then, a brief introduction 
is provided in the form of a narrative description of the 
present invention to give a conceptual understanding prior to 
developing the speci?c details. 
Glossary 

Before describing the speci?c details of the present 
invention, it is useful to provide a centraliZed location in 
Which various terms used herein and in the claims. 
Agent—As described herein, the term agent indicates a 

unit comprising, in its most general sense, a processor, a 
communication capability, and a memory. The agent can 
also include one or more means for movement, a means for 

detecting the direction to other objects in the agent’s coor 
dinate system (such as a compass, a directional transmitter/ 
receiver, etc.), a distance measuring device (such as a laser, 
infrared, sonic, or radar range ?nder) and one or more 
sensors. In more tangible terms, the agent could, for 
example, be a robot With an infrared transmitter/receiver and 
a set of Wheels, Where the infrared transmitter/receiver is 
used to gauge the distances and directions betWeen the robot 
and other robots. In a more complicated situation, the same 
robot could also include an antenna for sending and receiv 
ing radio communications, a group of sensors for sensing 
various aspects of the environment (such as temperature, 
visibility, etc.), and alternate movement means such as 
Wings and a propeller for ?ying, etc. 

Choke Point—In some circumstances, it may be desirable 
to move a group of agents toWard a point. For example, if an 
intruder is moving about an area, multiple agents may be 
sent to the vicinity of the intruder. On the other hand, in an 
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area With narrow corridors, it may be desirable to limit the 
passage of an intruder. Thus, agents can be sent to the 
vicinity of a corridor along the path of the intruder in order 
to limit the movement of the intruder. Thus, a choke point is 
generally a convergence of a group of agents about a 
selected agent, and can be used to block passageWays or to 
deploy a group of agents tightly in a selected locality. 

Communication Capability—The term communication 
capability as utiliZed herein generally refers to a local 
signaling mechanism to facilitate communication betWeen 
an agent and its local neighbors. Any signaling mechanism 
applicable to a particular environment may be used. For 
example, in clear air, directional infrared signaling mecha 
nisms may be particularly useful because of their direction 
ality. On the other hand, in Water or liquid environments, 
acoustic signaling mechanisms may be more useful. 

Cost Value—The term cost value indicates a measure of 
one or more physical properties along a path betWeen agents. 
For example, in a very simple case, the cost value may be a 
measure of Whether a signal Was able to transmit from one 
agent to another, and if so, a hop count could serve as the 
cost value. On the other hand, a more complex cost value 
could be developed (for example) as a Weighted sum of 
several physical properties, non-limiting examples of Which 
include signal transmission quality, temperature, Wind 
speed, and the angle of the path betWeen the agents. Many 
cost value schemes could be developed, depending on the 
needs of the particular embodiment. The term local cost 
value is intended to refer to a measure of local environmen 
tal conditions along the communication path betWeen tWo 
agents. The term cumulative cost value is intended to refer 
to a measure of the non-local environmental conditions 
along a path betWeen more than tWo agents. Although the 
terms local cost value and cumulative cost values are de?ned 
here, the exact application of the term may also be inferred 
from its context. Also, the cost values generated at each 
agent in the plurality of agents in response to a signal 
transmitted by an initiating agent form a cost gradient 
pattern across the plurality of agents. Combined With direc 
tional information, the cost gradient pattern has many char 
acteristics of a directed graph, and many computations that 
may be performed using a directed graph may be applied to 
the plurality of agents. 

IJocal—Agents Within direct (usually line of sight) com 
munication and sensing range of an agent are considered to 
be local and are termed neighbors of that agent. The number 
of local (neighbor) agents to a given agent may vary 
depending on the number of agents present in a given area. 
It is desirable to use signaling only betWeen local agents to 
conserve transmission poWer. In regard to its use With 
respect to properties of the environment, properties that are 
local to an agent are properties that can be sensed by the 
agent. Non-local physical/environmental properties With 
respect to an agent generally refer to those physical/ 
environmental properties that the agent cannot directly 
sense. 

Means providing mobility—In order to provide the 
mobility necessary to move about in the environment 
(assuming that movement is desirable), the agents need 
something to facilitate the mobility. Any knoWn and con 
trollable movement mechanism may be used, as suitable for 
the environment in Which the agent is used. For example, on 
land, an agent Would typically have legs or Wheels, Whereas 
in the air, an agent might have a propeller and Wings. On the 
other hand, in liquid environments, the agent Would be 
equipped With a propeller and ?ns, Where in space, the agent 
Would be equipped With jets or rockets. The means for 
providing mobility is coupled With, and controlled by, the 
processor. 
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Sensors—In addition to the means for detecting distance 

and direction from other agents, the agents may be equipped 
With sensors coupled With their processors for collecting 
information regarding their environment as Well as regard 
ing the status of the agent. Non-limiting examples of sensors 
that may be used With the agents of the present invention 
include smoke detectors, sound detectors, visual sensors, 
seismic detectors, heat/infrared detectors, chemical sensing 
devices, and GPS sensors. The sensor information may be 
incorporated into the cost value along a path or may be used 
to trigger various behaviors of the plurality of agents such as 
congregation to a choke point. 
Introduction 
The present invention generally provides a means for 

using a plurality of agents distributed in an area to perform 
topological computations on the area. The properties may be 
determined by creating a pattern of communications 
betWeen nearest neighbors, Wherein a source agent transmits 
a signal including a cumulative cost value to each of its 
neighboring agents. Each neighboring agent receives the 
signal from the source and modi?es the cumulative cost 
value based on the physical properties betWeen the source 
and the respective neighboring agent, and transmits a neW 
signal to its neighbors incorporating the modi?ed cumula 
tive cost value. 
As the signal propagates through the plurality of agents, 

a single agent may receive signals With cumulative cost 
values from more than one of its neighboring agents. 
Depending on the particular embodiment, the single agent 
determines the best cumulative cost value among those 
received and then modi?es the best cumulative cost value 
for incorporation into a neW signal; or the agent can modify 
all of the cumulative cost values and then determine the best 
cumulative cost value for incorporation into a neW signal. 
The cumulative cost values represent non-local properties of 
the environment (e.g., properties of the physical environ 
ment the receiving agent cannot sense directly). After 
modi?cation, the agent stores the best cumulative cost value 
and generates a neW signal for transmission to its neighbors. 
As a more tangible example, a plurality of agents could be 

utiliZed to perform a search for a ?re (or other objects such 
as land mines, intruders, etc.). While a user Waits at a 
particular location, the detection of a ?re by an agent triggers 
the propagation of a signal from the detecting agent across 
the plurality of agents to the user. Because multiple paths 
With cumulative cost values are available at any given 
location among the plurality of agents, the user is provided 
With an optimal path to the ?re (e.g., fastest, safest, etc.). The 
best path may simply be designated as the path along Which 
the signal has performed the smallest number of hops en 
route to the user (as a rough determination of the distance). 
On the other hand, the best path may be a function of more 
complex information such as that derived from sensors on 
board the agents along the path. 

Generally, once an initiating agent begins propagating a 
signal across the plurality of agents, the signal is modi?ed at 
each signal hop betWeen the initiating agent and the each 
receiving agent. The modi?cation has the purpose of incor 
porating information regarding the properties of the physical 
environment across the latest transmission hop, and can be 
as simple as updating a hop count or as complex as adding 
sensor information or the results of local computations. The 
information regarding the physical environment along each 
path may simply provide a measure of the quality of the 
path, or it may include separable parts to determine the 
speci?c features along individual hops in the path. In either 
case, the cumulative signal embodies a representation of the 
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quality of the best path. The propagation of the signal 
betWeen an initiating agent and a receiving agent is, in 
essence, a distributed computation Which occurs across the 
path betWeen the initiating agent and the receiving agent in 
order to provide, at each step, a local summary of the 
non-local properties along the path. 

The level of detail of the information regarding the 
properties of the environment along a path can vary Widely, 
depending on the particular embodiment. For example, one 
of the simplest Ways of determining the properties of the 
environment is to utiliZe the presence or absence of the 
ability to transmit a signal betWeen tWo agents along With a 
count of the hops betWeen the initiating agent and the 
receiving agent along paths Where transmission Was suc 
cessful. A slightly more complicated method is to use the 
strength of a signal received across a hop as a measure of the 
quality of the path along the hop. This may give a more 
accurate Way of determining distance. Still more compli 
cated methods include using sensors on board the agent to 
determine properties of the physical environment and incor 
porating them into the signal. In this sense, the cumulative 
cost value incorporated into the signal may serve as a 
Weighted sum of the properties across the transmission path. 
An agent may receive multiple signals en route from the 
initiating agent to the receiving agent. In this case the agent 
Will select the signal representing the most favorable path 
for re-transmission to its neighbor agents. 

In essence, a measure of the quality of the path along a 
hop betWeen one agent and another may be thought of as a 
cost value, Where the loWer the cost, the better the path. In 
the case Where the quality of a path is determined simply 
from the hop count to that point, the cost value along the 
most recent hop is a binary on/off function representing 
Whether the signal Was able to cross the path. The cumula 
tive cost values of multiple paths are compared to determine 
the best path. Again, in the simple hop count example, for 
each hop Where the signal is successfully transmitted, the 
cumulative cost value is incremented by one, With the path 
having the loWest cumulative cost value being considered 
optimal (assuming that the shortest, or loWest hop, path is 
the most desirable). The concept of a cost value may be 
extended to other embodiments, such as those used in 
conjunction With other sensors, Where the cumulative cost 
value may be a more complex measure, potentially incor 
porating many aspects of the environment. In environments 
Where change is likely, the cost value can be designed to 
expire after a certain amount of time, possibly being 
replaced With the next-best older (historical) cost value. 

In addition to simply determining the quality of a path 
betWeen tWo agents, tWo agents may be selected to simul 
taneously initialiZe the transmission of a signal across the 
plurality of agents. Preferably each of the tWo agents Would 
transmit their signal in a uniquely identi?able Way (e.g., on 
different frequencies, With different signatures, etc.). Each of 
the plurality of agents receiving the signal then develop 
vectors representing the quality and direction of the best 
path to each of the tWo agents and move according to the tWo 
vectors in order to line up on a path betWeen the tWo agents. 
The selection of the tWo agents may be performed explicitly 
by a user, or it may be performed by propagating a message 
from an agent along a path to a second (predetermined) 
agent upon the occurrence of a triggering event. Next, 
another agent is selected from among the lined up agents to 
act as a convergence point for other agents, and the agents 
lined up on the path are urged toWard the convergence point. 
The usefulness of this behavior is exempli?ed in the case 
Where a ?re is detected in one area of a building. The agent 

10 

15 

25 

35 

45 

55 

65 

8 
detecting the ?re may signal to other agents to ?nd a narroW 
corridor near the ?re. Once a narroW corridor is found 
(possibly by querying nearby agents to determine those 
encountering the greatest movement restriction), a path 
through the corridor to another agent on the other side of the 
corridor is determined. Next, another agent along the path is 
selected to transmit a signal, With other agents moving to 
line up along the path. The agent in the narroW corridor then 
signals for ?re-blocking agents along the path to move to the 
corridor, Where they can apply a limited amount of a 
?re-blocking chemical in an attempt to cut the ?re off from 
other parts of the building. 
NoW that the general nature of the present invention has 

been described, the speci?cs of the present invention Will be 
described With reference to the ?gures. 
Speci?cs of the Present Invention 

First, a description and illustration of a typical agent used 
With the present invention is provided. Next, the methods of 
using the agents in order to determine a best path route from 
an initiating agent and another, arbitrarily selected, agent 
and of using tWo agents as reference agents in order to assist 
other agents in converging on a choke point are discussed 
With reference to several ?oWcharts. Finally, illustrations are 
provided to graphically demonstrate various aspects of agent 
coordination. 

Atypical agent used With the present invention is depicted 
in FIG. 1. As shoWn, the agent 100 includes a communica 
tion capability 102 for transmitting and receiving signals, 
shoWn as an antenna. Internally, the agent 100 includes a 
memory and a processor for processing received signals and 
data regarding the environment as Well as for controlling a 
means for providing mobility such as a set of tracks 104 or 
Wheels 106. The agent 100 also may include one or more 
sensors, non-limiting examples of Which are shoWn, includ 
ing a metal detector 108, a GPS receiver 110, an infrared 
detector 112, and a gas chromatograph 114. An agent 100 
may be adapted for use Within a particular environment or 
for the detection of particular properties of an environment. 
The agents 100 are used to compute the properties of a 
physical environment, and to develop a distributed repre 
sentation of the non-local properties of the physical envi 
ronment. 

The agents are deployed in an area of the physical 
environment such that each agent 100 is Within communi 
cation range of at least one other agent 100, With the local 
neighbor agents of a given agent being de?ned as those 
agents 100 Within direct (non-relayed) communication of the 
given agent. The plurality of agents 100, as a Whole, forms 
a distributed netWork of communicating processors. 
Preferably, the agents 100 are deployed in such manner that 
they are approximately evenly spaced throughout a desired 
area to maximiZe their ability to cover the area effectively. 
Deployment of the agents can take place by any means 
desirable for a particular environment. For example, if the 
agents are mobile, various algorithms may be used to ensure 
the agents 100 move to locations Where they are each 
equidistant from other agents 100. If the agents are not 
mobile, they may be distributed in a semi-random fashion 
(e.g., dropping them out of an airplane), or they may be more 
carefully placed in position. Hybrid mobility situations may 
also exist, Where only a portion of a group of agents 100 is 
mobile. 
A goal of the present invention is to determine optimal 

paths from an initiating agent to any other agent among the 
plurality of agents. FIG. 2 presents a How diagram of the 
method of determining the optimal paths beginning With the 
step of determining at least one initiating agent 200, in 
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Which an agent begins transmitting a signal to be propagated 
through the plurality of agents. The initiating agent may be 
determined explicitly by a command from a user of the 
agents. For example, the user may use a remote control such 
as a laser pointer or a radio signaling device to select an 
agent from Which to begin propagating a signal. 
Alternatively, the initiating agent may be determined implic 
itly by an event. For example, the agents may include 
sensors, such as a smoke detector, and upon detection of 
smoke by an agent, the detecting agent may be designated as 
the initiating agent. The precise mechanism by Which an 
agent is determined as an initiating agent is not of particular 
importance. 

After the initiating agent is determined, it transmits a 
signal to neighboring agents in a transmitting step 202. As 
previously mentioned, neighboring agents are considered to 
be those agents Within communication range of any arbitrary 
agent. Generally, each one of the plurality of agents Will 
have at least one neighboring agent. 

The signal is then received at the neighboring agents and 
is processed With a cost value associated With the respective 
path betWeen the initiating agent and the neighboring agent 
in a signal processing step 204. The cost value may be based 
on transmission-related local properties along the path such 
as the hop count along the path or the transmission quality 
afforded by the path (in a simple case, the cost value may be 
based on Whether agents are able to communicate along line 
of sight communication paths); or it may be based on local 
properties of the environment near the agent such as 
temperature, humidity, and smokiness. Virtually any local 
property of the environment may be incorporated into the 
determination of the cost value. Furthermore, Weighted 
combinations of multiple properties may be used. 

Next, each agent receiving signals determines, based on 
the signals received, a neW signal to transmit. The deter 
mining step 206 may be performed either before the signal 
processing step 204 or afterWard, depending on the particu 
lar embodiment. The decision regarding the neW signal to 
transmit is generally based on a comparison of the cost 
values of the signals received from the agent’s neighbors. 
For example, if the goal Was to determine the loWest hop 
count path from the initiating agent, in preparing to propa 
gate the signal, an agent along the path Would compare the 
signals received from its neighbors to determine the signal 
With the smallest hop count. The agent Would then increment 
the hop count and transmit a neW signal to its neighbors 
indicative of the incremented hop count. 

After determining the neW signal to transmit, an agent, in 
essence, becomes like a neW initiating agent in a treating 
step 208, and transmits the neW signal to its neighbors. 
These steps repeat in order to propagate a signal across the 
plurality of agents. 
As a signal is propagated, a cumulative cost value is 

retained in memory at each agent in a retaining step 210. The 
cumulative cost value provides, at each agent, a local 
summary of the non-local features along a path toWard the 
initiating agent, and also provides a mechanism to prevent 
back propagation of a signal. For example, in many 
con?gurations, agents may broadcast in an omni-directional 
manner. Therefore, after a ?rst agent has transmitted a signal 
representing its current cost value, a neighboring agent Will 
receive the signal and transmit a neW signal representing the 
cost value at the neighboring agent. Because the transmis 
sion from the neighboring agent is omni-directional, the neW 
signal Will be received by the ?rst agent. Assuming the cost 
value of the neighboring agent (Which Was derived from that 
of the ?rst agent) is less desirable than that of the ?rst agent, 
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the ?rst agent Will retain its cost value and Will not utiliZe the 
cost value of the neighboring agent. Thus, the propagation of 
signals from an initiating agent is directed generally aWay 
from the initiating agent. 
The cumulative cost value at any given agent represents 

a cumulative measure of the quality of the path that the 
signal has crossed en route from the initiating agent. Thus, 
the cumulative cost value serves as a local representation (at 
the agent) of the non-local properties (With respect to the 
agent) along the path betWeen the initiating agent and any 
given agent. 

In some cases, it may be desirable to compare the retained 
cost value With the cost value received from a signal to 
determine Which to use in determining from the signals 
received, the neW signal to transmit. Thus, the best cumu 
lative cost value received at each agent may be retained, and 
each time a signal is passed to the agent, the received 
cumulative cost value may be compared With the retained 
cost value in order to determine Which is higher. For this to 
occur, it is assumed that the same initiating agent periodi 
cally re-transmits signals to be propagated across the plu 
rality of agents. This may be desirable, for example, as part 
of an updating process to continually update the cumulative 
cost value retained at each agent in order to track changes in 
the area covered by the plurality of agents. 
The signal processing step 204 may also include the use 

of time stamps in order to provide a mechanism to expire the 
cost values over time. As cost values are generated and 
retained in memory, they may be time stamped. The most 
recently retained time-stamped cost value can be used in 
processing the signal. HoWever, after a predetermined time 
has elapsed, the retained cost values are removed from 
memory. The use of expiring cost values provides an advan 
tage by ensuring that the cost value information is retained 
for a period of time, but that it also expires after a certain 
amount of time has passed, ?ushing obsolete information 
from the system. 

In addition to simply storing the last cost value in 
memory, multiple cost values may be stored in memory in 
a stack-like con?guration, With the cost values ranked (or 
accessed) in an order. The order of the cost values may, for 
example be highest to loWest or vice-versa, or some other 
ranking criteria may be used. In this scenario, neWly 
received cost values are time stamped and stored in memory. 
When the current cost value expires, the next best cost value 
stored in memory is used until it expires, and so on as long 
as cost values are remain in memory. This mechanism 
alloWs for the cost values stored in memory to folloW a 
quasi-decaying behavior before being erased. 
The agents may be equipped With a means for determin 

ing the direction from Which a signal has been received. This 
may be accomplished by using a directional signaling 
mechanism such as a plurality of directional infrared trans 
ceivers or directional radio receivers. Agents so equipped 
can store both the direction and the cost value related to a 
signal path to a neighboring agent. Rather than searching 
through neighboring agents for the one With the best cost 
value in order to determine the optimal path to the initiating 
agent, each agent can store the direction to the next agent 
along the path. The direction from Which a signal Was 
received can also factor into the cost value. For example, 
paths that lead in a particular heading may be less desirable 
than those that lead in other headings. Thus, the direction 
can be factored into a cost value in order to either increase 
or decrease the cost of a path in a certain direction. The 
agents 100 can also incorporate a mechanism for determin 
ing location and direction, in World coordinates, such as a 
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global positioning system (GPS) receiver and a compass to 
help facilitate direction determination. 

Multiple initiating agents may be used, and paths to each 
may be compared in order to determine Which is better. For 
example, in the case Where agents are distributed through an 
area knoWn to have several land mines, it may be desirable 
to trigger the initiation of the propagation of a signal based 
on the detection of a mine near one or more agents. Each 

agent may then initiate the propagation of a signal With a 
cost value. At each agent, the cost values of signals initiating 
from each of the initiating agents may be compared in order 
to determine not only the optimal path to each, but the 
overall optimal path. As a result, although multiple land 
mines may be present among the agents, the optimal path to 
any land mine may be determined. In this case, it may be 
desirable to use a unique identi?er to indicate the cost value 
along the path to each initiating agent at each agent in the 
plurality of agents. The cost value of the path to each 
initiating agent may then be compared at each agent to 
determine the best path among them. The cost values may be 
passed along separately for each path to each initiating 
agent, or they may be compared, and only the best passed 
along. In other Words, each agent in the plurality of agents 
may either receive and retain cost values for the path to each 
initiating agent or may retain only the best cost value 
received. 

In addition to simply identifying paths from an arbitrarily 
selected agent to an initiating agent, there may be cases 
Where it may be desirable to take advantage of a path 
betWeen tWo agents. For example, it may be desirable to line 
up agents along a path betWeen tWo reference agents. A?oW 
diagram demonstrating the steps utiliZed for lining up agents 
along a path is depicted in FIG. 3. First, it is ?rst necessary 
to determine tWo agents from among the plurality of agents 
to act as reference agents in a reference agent determining 
step 300. Next, a signal is transmitted from each of the 
reference agents. The transmission of the signal and the 
generation of the path vectors are generally indicated as a 
cost gradient generating step 302. Over the Whole of the 
plurality of agents, the path vectors create, in essence, a cost 
value gradient over the area covered by the plurality of 
agents and toWard the initiating agents. The path vectors are 
then utiliZed to create a motion vector in a motion vector 
generating step 306. Generally, each motion vector repre 
sents a sum of the path vectors, although a mechanism other 
than simply creating a sum could be used. The agents are 
urged to move along the motion vector, Which is continually 
updated, until they are positioned along a path betWeen the 
tWo reference agents in an agent converging step 308. As the 
agents move closer and closer to the path betWeen the tWo 
reference agents, the motion vector becomes smaller and 
smaller, With the path vector components becoming closer 
and closer to being oppositely opposed. As With the desig 
nation of initiating agents, the designation of reference 
agents may take place either explicitly by user command or 
implicitly by an agent-detected event. 

Once the agents are lined up along the path betWeen tWo 
reference agents, other agent actions are possible. For 
example, it may be desirable for the agents to converge to a 
choke point along the path betWeen the tWo agents. 
Speci?cally, in the case Where the agents are designed to 
detect a ?re inside a building and to deliver ?re retardant in 
the best possible manner to stop the ?re, it may be desirable 
to use parts of the physical structure of the building in order 
to maximiZe the impact of the retardant. NarroW passages 
may be Well-suited for the delivery of retardant to achieve 
the greatest degree of effectiveness. Thus, it is possible to 
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determine tWo reference agents residing on either side of a 
narroW passage, then to cause the other agents to line up on 
a path betWeen the reference agents. Next, it Would be 
desirable to have the lined up agents search, along the path, 
to determine the agent With the smallest degree of freedom 
With respect to movement. That agent could be assumed to 
be in the narroWest part of the passage, and the other agents 
could be urged toWard that agent, thus resulting in a local 
clustering of agents near the convergence agent. The agents 
could then deliver their ?re retardant into the narroW pas 
sageWay With maximum effectiveness. In cases using a line 
of sight communication system, detection of the narroWest 
part of the path could also be achieved by determining the 
agent along the path receiving the smallest number of 
transmissions from neighboring agents or by determining 
the agent receiving transmissions over the smallest angular 
range. 
Illustrations of the Present Invention 

Several illustrative diagrams depicting various aspects of 
the present invention are presented in order to provide a 
more thorough understanding of its use. First, a diagram 
contrasting the present invention With conventional map 
based approaches to terrain reasoning is depicted in FIG. 4. 
Next, an illustration of the use of cost values along paths to 
determine paths to a target from a start agent is depicted in 
FIG. 5. An example of the use of tWo distinct signal types for 
detecting tWo different targets is shoWn in FIG. 6. The 
alignment of agents along a path betWeen tWo reference 
agents and convergence to choke points are depicted in FIG. 
7 and FIG. 8, respectively. 

Referring noW to FIG. 4, FIG. 4(a) depicts a conventional 
means for mapping a space by using a feW poWerful mobile 
robots or sensors 400 moving through an environment 402 
in a search pattern, sending raW or partially processed data 
back to a central computing resource 404. The central 
computing resource 404 then compiles a map 406 and can 
then utiliZe the map for other operations. Dynamic changes 
to the environment are not picked up unless the robots 400 
repeat their search. In contrast, the technique afforded by the 
present invention, as depicted in FIG. 4(b) externaliZes the 
map, spreading it across a collection of simple agents 100, 
each of Which determines terrain features in its locality. 
Global properties including shortest routes, blocked routes, 
and contingency plans can be computed in a robust, distrib 
uted manner, With each member of the plurality of agents 
100 contributing to the result. UtiliZing the present 
invention, a distributed group of agents 100 are embedded in 
the environment in order to perform both sensing and 
computation tasks simultaneously. As previously mentioned, 
the agents 100 may be placed into the environment by a 
variety of means, either randomly or by speci?c placement. 
Advantages of using agents 100 spread over an environment 
include fault tolerance and responsiveness to dynamic 
changes in the environment. Also, the present invention 
affords the use of many relatively small, cheap agents 100 
spread throughout an environment rather than a feW very 
expensive robots. Thus, many simple agents 100 may be 
employed in an environment With very simple individual 
computing abilities in order to detect dynamic changes 
therein. Because many agents 100 are used, the loss of a 
single agent 100 has little impact on the overall computa 
tional ability, thus ensuring a high degree of fault tolerance. 
Furthermore, communication is only required betWeen near 
est neighbor agents, so there is no need for high-poWer 
communication devices. Information is either passed back to 
a user 408 by relaying messages, or the user can get data 
from nearby robots as the user moves through the environ 
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ment. In addition, the agents 100 may be equipped With a 
means for providing movement in order to allow them to 
actively spread over and search an environment. It is impor 
tant to note that having multiple small processors spread 
through the environment also alloWs for an improvement in 
computation speeds to the extent that computations can be 
decoupled and paralleliZed. Path planning using a pre 
existing terrain database takes O(n log n) time for a single 
computer, but takes O(n) time, at Worst, for a netWork. 
Finding the best terrain point, Where the quality of a point 
can be determined locally, takes O(n) for a single processor, 
but O(log n) for a netWork, Where most of the time is for 
consolidating the results. Thus, for large amounts of data, the 
use of multiple processors in a distributed netWork signi? 
cantly reduces computation time. 
An illustration of the use of cost values along paths to 

determine paths to a target from a start agent is depicted next 
in FIG. 5. The present invention may be used to determine 
the best path to a target 500 from a starting point 502 Within 
the interior of a building 504. In the example depicted, the 
application is the reconnoitering of a building interior and 
locating a target. FIG. 5(a) is a topographical diagram 
depicting a sWarm of agents 100 that has spread throughout 
a building 504 With several members ?nding the target 500. 
Note that the agents 100 have achieved a roughly uniform 
spacing in the building 504. In this case, the agents 100 
include sensors appropriate for detecting the target. For 
example, if the target 500 is an intruding person, sensors 
may be provided for detecting body heat, motion, and noise. 
An illustrative diagram depicting a message propagating like 
a gradient With its cost value encoding the distance to target 
is shoWn in FIG. 5(b). Upon detecting the target T 500, the 
initiating agents 506, Which are those agents closest to the 
target T 500, transmit a signal With a Zero-cost value of 100. 
This example depicts the cost values starting at 100 and 
decrementing With each hop aWay from the initiating agents 
506. The cost values could just as easily be incremented With 
each hop from the initiating agents 506, or, as mentioned 
previously, could change by a factor representing a local 
sensor measurement. This could be the distance to the 
transmitting agent, estimated from the signal strength of the 
received message. 

In this example, use of line of sight communication 
betWeen agents is desirable so that internal structures such as 
Walls and doors are incorporated into the representation of 
the structure. Neighboring agents Within line of sight of the 
initiating agents 506 receive a signal from the initiating 
agent 506, decrement the cost value, generate a neW signal 
incorporating the decremented cost value, and transmit the 
neW signal as if they Were the initiating agent. Iso-intensity 
cost value lines Where all agents along the line exhibit the 
same cost value are depicted by the lines starting With 100 
and decreasing to 92 from the initiating agents 506 to the 
agents nearest the starting point 502. This demonstrates hoW 
the cost values across the plurality of agents form a gradient 
like map. In this case, the lines depict the gradient of signals 
propagating aWay from the target, With the propagation of 
cost values being identical to the propagation of distance 
information in Dijkstra’s shortest-path algorithm. Since the 
line-of-sight communications are inherently linked to tra 
versability Within the building, cost values re?ect approxi 
mate traversal distances to the target. All agents lying on an 
iso-intensity line are approximately the same distance from 
the detected target T 500. By folloWing the agents up the cost 
value gradient, one can expect to ?nd the most efficient path 
to the target. 

It may also be desirable to provide the agents 100 With a 
means for detecting the direction from Which a received 
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message emanated. Whenever a neW message is received, 
the cost value is updated and the corresponding direction to 
the source of the message is saved. Using this information, 
it is possible for each agent to indicate the local direction 
that best leads toWard the target. A diagram depicting agents 
signaling the direction to the originator based on cost value 
messages and creating a directed path to the target is shoWn 
in FIG. 5(c). The information can provide a user beginning 
at the start point 502 With a path leading the user to the target 
T 500, While incorporating information about the target 
location and pathWays Within the building 504. 
An example of the use of tWo distinct signal types for 

detecting tWo different targets is shoWn in FIG. 6. Note that 
although using tWo distinct signal types in relation to FIG. 
6, any number of signal types may be used, With each signal 
type forming a distinct cost value gradient. The cost value 
gradient may include a distance and a direction betWeen 
each agent and a target or multiple targets. The use of tWo 
message types to alloW each agent 100 to determine Which 
target is nearest is shoWn in FIG. 6(a). Agents 600, 602, 604, 
and 608 each detect Whether the ?rst target 610 or the second 
target 612 is nearest. This alloWs a user to determine Which 
target is closest. In this case agent 600 detects the ?rst target 
610. The resulting distances to the ?rst target 610 are 
calculated by each of the other agents 602, 604, 606, and 
608. At the same time, agent 608 detects the second target 
612. The resulting distances to the second target 612 are also 
calculated by each of the other agents 602, 604, 606, and 
608. A distinct message type may be used for each target. 
The distances, in terms of hops, are shoWn for each agent, 
separated by a slash, With the ?rst distance indicating the 
distance from the ?rst target 610 and the second distance 
indicating the distance from the second target 612. With the 
use of distinct message types for each target, one can simply 
compare the cost values at each agent to determine Which 
target is closest to that agent. 
As an alternative, a diagram that depicts using one mes 

sage type Wherein each agent indicates direction to the 
nearest target is shoWn in FIG. 6(b). In this case, the same 
message type may be used for both targets, and each agent 
Will save only the distance to the closest agent. As depicted 
in FIG. 6(b), it is be helpful to use a messaging scheme that 
retains directional information as discussed above so that the 
direction to the closest target can also be found. 
The alignment of agents along a path betWeen tWo refer 

ence agents and convergence to choke points are depicted in 
FIG. 7 and FIG. 8, respectively. As shoWn in FIG. 7, a 
starting agent 700 and a target agent 702 are designated as 
reference agents. The reference agents each emit distinct 
message types to the other agents. The other agents 704 
generate path vectors toWard each of the reference agents. 
The path vectors are then used to generate a movement 
vector for each of the other agents 704, along Which the 
other agents 704 can move in order to line up on a path 706 
betWeen the starting agent 700 and the target agent 702. Note 
the arroWs, Which represent the path vectors betWeen the 
agents 704 and the reference agents. As the agents 704 move 
toWard the path 706, the path vectors are updated, until the 
agents 704 reach the path and the vectors are aligned parallel 
to the path 706 in opposite directions toWard the starting 
agent 700 and the target agent 702. 
The illustration presented in FIG. 8 utiliZes the selection 

of reference agents and the alignment of other agents along 
a path betWeen them in order to prepare the agents to 
converge along choke points. Although convergence along 
choke points may take place Without ?rst aligning the agents 
along a path betWeen the reference agents, the alignment 
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along the path provides a greater density of agents along the 
path in order to allow for a ?ner detection of properties along 
the path for selection of the proper choke point. As depicted 
in FIG. 8(a), an agent at starting point 800 and an agent at 
a target point 802 are designated as reference agents, With 
the path 804 betWeen them designated by a dotted line. In 
this case, the agents 100 move toWard a point along the path 
804 closest to them as indicated by the arroWs on the agents 
100. In FIG. 8(b), the agents have almost all aligned along 
the path 804. In this case, blocking of the narroWest areas 
betWeen the starting point and the target point is considered 
desirable as is blocking areas closest to the target point. 
Thus, tWo choke points 806 and 808 are designated and the 
agents converge to each. Note that the criteria used for 
determining the choke points in this case Were (1) the 
narroWness of the corridor (area) and (2) closeness of the 
corridor to be blocked to the target point. Thus, agents 
converge ?rst on choke point 806 until no more agents ?t 
into the area, and then on choke point 808. Note that another 
narroW path area 810 exists near the target point 802. 
HoWever, because the area 810 Was not along the path 
betWeen the starting point 800 and the target point 802, no 
agents converge there. An area for convergence may be 
selected in many different Ways based on many different 
criteria. For example, although narroWness may be a crite 
rion for blocking an area, steepness may be a criterion 
against blocking an area. Thus, once an area becomes 
sufficiently steep, the fact that it is narroW may not matter, 
and it may not need to be blocked. 

All logic related to the incorporation of the present 
invention is typically embodied in the form of softWare 
stored in the memory of the agent and operated on by the 
processor. HoWever, rather than using softWare, the logic of 
the present invention may be ?xed in hardWare as Well. In 
order to provide a more full explanation of the softWare and 
its preferred embodiments, a compact disk has been pro 
vided as an appendix to this application, and includes 
softWare Which performs several of the functions described 
herein. 
What is claimed is: 
1. A method for computing properties of a physical 

environment using a plurality of agents deployed Within the 
physical environment, Wherein each agent comprises, a 
communication capability, a processor coupled With the 
communication capability, and a memory connected With 
the processor, and Wherein the plurality of agents make use 
of physical properties of inter-agent communication in order 
to form a distributed representation of non-local properties 
of the physical environment, the method comprising the 
steps of: 

a. triggering at least one initiating agent; 

b. transmitting a signal from the initiating agent to agents 
neighboring the initiating agent; 

c. processing the signal at each of the neighboring agents 
With a cost value based on local properties along the 
respective path betWeen the initiating agent and each 
neighboring agent; 

d. selecting, from the signals received, a neW signal to 
transmit; 

e. treating the neighboring agent as an initiating agent of 
the processed signal, and repeating the transmitting and 
processing steps; and 

f. at each agent, locally retaining at least one cumulative 
cost value representing information regarding non 
local properties of the physical environment based on 
signals received. 
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2. A method for computing properties of a physical 

environment as set forth in claim 1, Wherein in the process 
ing step, the cost value is a hop count and Where the hop 
count is incremented at each agent in the processing step to 
generate, at each agent, a cumulative hop count from the 
initiating agent. 

3. A method for computing properties of a physical 
environment as set forth in claim 1, Wherein the cumulative 
cost value is used in the determining step to determine, from 
the signals received, the neW signal to transmit. 

4. A method for computing properties of a physical 
environment as set forth in claim 3, Wherein signals are 
periodically propagated across the plurality of agents from 
the initiating agent, Wherein cost values retained from past 
signals are compared With a cost value from a current signal 
in order to determine the cost value With Which to process 
the signal. 

5. A method for computing properties of a physical 
environment as set forth in claim 3, Wherein the communi 
cation paths betWeen the agents are line of sight paths, 
Whereby transmission of signals across the line of sight path 
is used to provide a representation of traversability along the 
paths. 

6. A method for computing properties of a physical 
environment as set forth in claim 3, Wherein the agents 
include means for storing the direction from Which a par 
ticular signal Was received across a communication path, 
and method further includes the step of comparing cost 
values for different paths betWeen tWo agents and the step of 
storing the direction of the path With the best cost. 

7. A method for computing properties of a physical 
environment as set forth in claim 4, Wherein the step of 
processing the signal further comprises the additional sub 
steps of: 

a. time-stamping cost values as they are retained in 
memory; 

b. designating the most recently retained time-stamped 
cost value for use in processing the signal; and 

c. removing the time-stamped cost values from memory 
after a predetermined time has elapsed. 

8. A method for computing properties of a physical 
environment as set forth in claim 7, Wherein in retaining cost 
values in memory, a plurality of cost values are recorded and 
ranked from best to Worst over time; Wherein the best cost 
value is designated for use in processing the signal; and 
Wherein When the time stamp of a cost value designated for 
use in processing the signal expires and the cost value is 
removed from memory, the next best cost value is desig 
nated for use in processing the signal. 

9. A method for computing properties of a physical 
environment as set forth in claim 1, Wherein the method 
further comprises an agent alignment step, Where the agent 
alignment step comprises the sub-steps of: 

a. selecting tWo agents from among the plurality of agents 
to act as reference agents; 

b. generating cost gradients comprising vector represen 
tations of an optimal cost path betWeen each agent 
among the plurality of agents and each reference 
agents; 

c. summing the vectors at each agent to create a motion 
vector for the agent; and 

d. moving the agents along the motion vector in order to 
align the agents along a path betWeen the reference 
agents. 

10. A method for computing properties of a physical 
environment as set forth in claim 9, Wherein the agent 
alignment step is triggered upon the occurrence of a trig 
gering event. 






